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We propose a new approach to coherent control of transport via 
molecular junctions, which bypasses several of the hurdles to ex-
perimental realization of optically manipulated nanoelectronics 
noted in the previous literature. The method is based on the ap-
plication of intrinsic semiconductor contacts and optical frequen-
cies below the semiconductor bandgap. It relies on a simple and 
general concept, namely the controllable photonic replication of 
molecular levels through the dipole driving the molecular bridge 
by an electromagnetic field. We predict the effect of coherent de-
struction of induced tunneling that extends the certain effect of 
coherent destruction of tunneling. Our results illustrate the poten-
tial of semiconductor contacts in coherent control of photocur-
rent. 
 
  Copyright line will be provided by the publisher  
   1 Introduction The optical response of nanoscale mo-
lecular junctions has been the topic of growing experi-
mental and theoretical [1-5] interest in recent years, fueled 
by both the rapid advance of the experimental technology 
and the premise for long range applications. The ultimate 
goal of controlling electric transport with coherent light, 
however, has proven challenging to realize in the laborato-
ry. One difficulty that has been noted in the previous litera-
ture is substrate mediated processes. Light shine on a mo-
lecular system in contact with a metal substrate is absorbed 
by the substrate, rather than by a molecular bond or the 
molecule-surface bond in the vast majority of cases, lead-
ing to the excitation of hot carriers. The latter may interact 
with the molecule resulting in the loss of coherence. Other 
competing processes include heating of the electrodes and 
undesired energy transfer events. Reference [1] proposes 
the use of semiconducting (SC) electrodes and sub-band- 
gap frequencies to circumvent undesired substrate-medi-
ated and heating processes. Here, an ultrafast, nano-scale 
molecular switch is introduced, consisting of a conjugated 
organic molecule adsorbed onto a SC surface and placed 
near a scanning tunneling microscope tip. A low-frequen-
cy, polarized laser field is used to switch the system by 
orienting the molecule with the field polarization axis, en-
abling conductance. SC electrodes have been used in the 
experimental literature in the context of a single-quantum-
dot photodiode that may be considered as a quantum dot-
based junction [6,7]. In addition to introducing a new op-
portunity for coherent control of transport via junctions, 
SC-based molecular electronics offer potentially several 
other attractive properties. From a chemical perspective, 
organic molecules form much stronger bonds with SC sur-
faces, such as doped silicon, than with metals. From a 
technological perspective, the addition of molecular func-
tion to the already established silicon-based technology is 
vastly more viable than replacing silicon by metal-based 
electronics. Here we propose a new approach to coherent 
control of electric transport via SC junctions, which is sim-
ilar to the concept introduced in Ref. [1] in capitalizing on 
the use of sub-bandgap frequencies, but is complementary 
in application. Our approach is based on the excitation of 
dressed states of the junction Hamiltonian that can be fre-
quency-tuned to tunnel selectively into either the left or the 
right contacts, generating unidirectional current whose 
temporal characteristics are controlled by the light pulse. 
2 Control concept    
We consider a molecular junction consisting of a 
molecular moiety that is in contact with two intrinsically 
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semiconducting electrodes. The use of SC contacts 
circumvents energy transfer from the bridge to the contacts 
[7], a complicating feature in junctions with metallic 
contacts, since, as noted above, sub-bandgap light cannot 
excite electron-hole pairs in a semiconductor substrate [1]. 
Hence, the main source of relaxation in SC-molecule-SC 
junctions under the conditions considered is the charge 
transfer between the bridge and the contacts. If the 
molecular moiety possesses a permanent dipole moment  
iiD  , the interaction of a nonresonant electromagnetic 
(EM) field with such systems leads to modulation of their 
energetic spectrum by the field frequency ω  . This 
modulation alters the arrangement of molecular electronic 
states and may substantially change the electron transfer 
rates. The efficiency of the energy spectrum modulation 
depends on the interaction parameter  
0 / ( )i iiz ω= ⋅D E h  , 
where 
0E  is the amplitude of the EM field  ( )tE . The 
permanent dipole moment of relevant molecules can reach 
10 D and more. It seems likely that this idea was first ap-
plied to the activation of radiationless transitions in large 
molecules [8,9]. The modulation under discussion may 
also substantially change the electron and hole transfer 
rates between the molecular bridge and the SC contact, due 
to the strong dependence of these rates on the position of a 
molecular level relative to the conduction band (CB) and 
valence band (VB). Suppose that a single molecular level 
of energy  
iE   is positioned between the conduction and 
valence bands of the SC contacts shown in Fig.1. No 
current in such SC-molecule-SC junction is possible even 
in the presence of the voltage bias. If, however, an EM 
pulse of appropriate frequency ω  excites the molecular 
bridge, photonic replication of state i  with energy  
iE ω+ h   can be tuned to be close to the CB, while the 
photonic replication with energy 
iE ω− h  are close to the 
VB coupling state i. In that situation a current flows 
through the junction and its temporal duration is controlled 
by the EM pulse characteristics. The transport rate is 
largely controlled by the applied voltage bias, which 
determines the barrier width. This control enables us to 
realize coherent excitation of a molecular bridge while 
circumventing competing processes. The control concept 
under discussion is referred to the photon assisted transfer 
(PAT), a theory of which in nanojunctions with metallic 
contacts was developed by Haenggi et al. [2,3]. In 
particular, they considered PAT across a bridged molecular 
wire. In these works the time dependent level shift in the 
bridge arises from the coupling to an oscillating dipole 
field (see below). For a single site bridge this coupling may 
be described by a permanent dipole moment [5].  
 
3 Theory  
3.1 Model The complete Hamiltonian describing a mo-
lecular bridge interacting with two SC electrodes and sub-
ject to a low frequency optical pulse is written as, 
VWHHH wireSC
ˆˆˆˆˆ +++=  (1) 
where )ˆˆˆˆ(ˆ ††},{ vkvkvkckckckRLkSC ccccH εε +=∑ ∈  
is the Hamiltonian of intrinsic semiconductor leads, 
+
kcˆ  
( kcˆ ) (k∈L,R) are creation (annihilation) operators for elec-
trons (energies ,c vkε ) in the leads, c and  v denote the con-
duction and valence bands, respectively, and L(R)  stands 
for the right (left) lead. In what follows we will omit the 
band indices c and  v when not essential, so as to simplify 
the notation. The wire Hamiltonian,  
 
)ˆˆˆˆ(ˆˆˆ 1
††
1
1
1
†
1 ++
−
== +∆−= ∑∑ mmmmNmmmmNmwire ccccccEH        (2) 
 
is described as a tight-binding model composed of N  sites, 
where each site represents available orbitals, +mcˆ ( mcˆ ) 
(m=1,...N) are creation (annihilation) operators for elec-
trons in the different molecular states of energies Em. The 
∆  term in Eq. (2) accounts for electron transfer interac-
tions between nearest sites within the Huckel model, and  
Wˆ = −D E⋅   describes the interaction of the bridge sites 
with an external EM field E  where the dipole operator has 
only diagonal elements 2/)21( mNDDmm −+=  with D 
equal to the electron charge multiplied by the distance be-
tween the neighboring sites [2,3]. Finally, 
..)ˆˆˆˆ(ˆ ††;,1 chccVccVV nvknvkncknckKkNn ++=∑ ∈=  
where h.c. denotes Hermitian conjugate, describes electron 
transfer between the molecular bridge and the leads, thus 
giving rise to net current in the biased junction. 
 
3.2 Equations of motion Our analysis is based on the 
generalized master equation for the reduced density matrix 
of the molecular system taking Vˆ  as a perturbation [2,3, 
5,8]. Briefly, one starts with the equation for the total den-
sity operator and uses projectors of the type 
)()( tTrtP KKK ρρρ =  in order to derive an equation for the 
time evolution of the reduced density matrix 
)()( tTrTrt LR ρσ = . This leads to  
 
 † †
0
† †
ˆ ˆ ˆ ˆˆ[ , ] { {([ , ] ( ) ), }
ˆ ˆ ˆ ˆ2 [1 ( )] 2 ( )}
rq q r r q
n n n K r n n
nrq
q r r q
n n K r n n K r
d i
H C C f C C
dt
C C f C C f
σ
σ γ ω σ
σ ω σ ω
+ = − +
+ − +
∑ h
h
h h
 
 (3) 
where ABBABA ˆˆˆˆ}ˆ,ˆ{ += , ( )K rf ωh  is the Fermi function,  
,
1
( )
exp[( ) / ] 1
K r
r c v B
f
k T
ω
ω µ
=
− +
h
h
 (4) 
 of the CB (c) or VB (v),  kB  is Boltzmann's constant,  T  is 
the absolute temperature, and  
( )c v
µ   is the quasichemical 
potential in the CB (VB). 
, ,
0 0
ˆ ˆ ˆˆexp( / ) exp( / ),q r q rn nC iH t c iH t= − h h  (5) 
 
Page 2 of 5
Wiley-VCH
physica status solidi
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
pss-Header will be provided by the publisher 3 
 
 Copyright line will be provided by the publisher 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
where 
rq
nc
,ˆ  are the Fourier amplitudes of the interaction 
picture operators )(ˆ int tcm
+
 
and )(ˆ int tcm     
  
int intˆ ˆ ˆ ˆ( ) exp( ),  ( ) exp( )r qn n r n n q
r q
c t c i t c t c i tω ω+ += = −∑ ∑      (6) 
contained in ),/ˆexp(ˆ)/ˆexp()(ˆ 00
int
hh tHiVtHitV −=
      
the interaction representation of ,Vˆ WHHH wireSC
ˆˆˆˆ
0 ++=  
2
2
| | exp[ ( ) ] ( ) ( )rqn nk r q r q k r
k
V i t
π
γ ω ω ξ ω ω δ ω ω= − − −∑
h
 (7) 
is the spectral function, /k kω ε= h . The frequency de-
pendence of  rq
mnγ  may be neglected provided that that  
rq
mnγ   
is small relative to the bath correlation frequency cω  - the 
range over which its spectral density essentially changes. 
In Eq. (7) we retained only the terms giving the dominant 
contributions, for which | |
r q c
ω ω ω− <<  . This was done 
by introducing a switching function ( )r qζ ω ω−  defined as 
( ) 1r qζ ω ω− =    for | |r q cω ω ω− <<  , and ( ) 0r qζ ω ω− =   
for | |r q cω ω ω− ≥ . 
 
3.3 An analytically soluble model  We conclude this  
section by considering briefly the simplest case scenario 
of a single site bridge. Specifically, we envision a single 
molecular level of energy Ei  (Fig.1) that is excited by an 
EM field 0( ) cos( )t tω=E E  tuned to a sub-bandgap fre-
quency ω  , such that the dressed energies  
iE ω+ h   and 
iE ω− h are close to the conduction and valence bands, re- 
spectively. One finds for the case under consideration 
intˆ ˆ ˆ( ) exp[ sin( )] exp( )
r
i i i i i r
r
c t c i t iz t c i tω ω ω
∞
=−∞
= − + = −∑  (8) 
where /i iEω = h , r i rω ω ω= − , ˆ ˆ ( )
r
i i r ic c J z= , ( )r iJ z  is 
the rth-order Bessel function. This expansion can be ex-
tended to exciting a molecular bridge by pulsed, rather 
than continuous wave (CW) light,  
0( ) ( ) cosE t E t tω=   
(whose pulse duration is long with respect to the optical 
cycle [10]). In that case the interaction parameter, defined 
above, 
0( ) ( ) / ( )i iiz t t ω= ⋅D E h , acquires a time depend-
ence. The time evolution of the molecular bridge popula-
tion † †ˆ ˆ ˆ ˆ( )i i i i in c c Tr c cσ= 〈 〉 =  obtained with the density ma-
trix, Eq. (5), reduces in the limit of a single site bridge, 
Fig.1, to  
, ,
[2(1 ) 2 ]i
i vK i i cK i
K
dn
n n
dt
= − Γ − Γ∑  (9) 
where 
2
, ,
1
( ) rr
vK i r i vK i
r
J z γ
∞
=
Γ =∑ ,  
1
2
, ,
( ) rr
cK i r i cK i
r
J z γ
−
=−∞
Γ = ∑ , 
,
rr
cK i
γ  and ,
rr
vK i
γ  are rriγ  for k cK∈  (CB of lead K) and for 
 
Figure 1 Biased SC-molecule-SC junction. Electromagnetic ex-
citation applied to a molecular bridge in state 
iE  leads to genera-
tion of its photonic replica at energies iE ω± h . Tunnelling 
from the photonic replica results in a unidirectional photocurrent. 
 
k vK∈ (VB of lead K), respectively. For our model, 
11 1, 1
, , 0vL i cR iγ γ
− −= = . The right-hand side of Eq. (11) is propor-
tional to the sum of ( )RI t  and ( )LI t , where                                      
 
, ,
2 [(1 ) ]
K i vK i i cK i
I e n n= − − Γ − Γ  (10) 
 - the current due the coupling of state i  with electrode K.  
The first order differential equation (9) can be readily inte-
grated, giving for  (0) 0in = ,  and excitation by a rectangu-
lar pulse of duration pt  ,  
]})(2exp[)(){(
2
,,,,,, t
e
I civiviivKicKiKcivKiKvicK
civi
K Γ+Γ−ΓΓ+Γ−ΓΓ−ΓΓΓ+Γ
= ′′
                                                                        (11)                                            
where ivKKvi ,Γ=Γ ∑   and  icKKci ,Γ=Γ ∑   are the rates of 
electron transfer between molecular state i and VB and 
CB, respectively, of both leads; K’  denotes a lead opposite 
to lead K,  and we used Eq.(10). Eq.(11) gives for 1|| <<iz        
2
( ) { exp[ 2( ) ]},RR L R L R
L R
e
I t t
− Γ
= Γ + Γ − Γ + Γ
Γ + Γ
 (12) 
 ( ) 2 {1 exp[ 2( ) ]},R LL L R
L R
I t e t
Γ Γ
= − − Γ + Γ
Γ + Γ              
(13) 
where the dependence on the bias voltage and the laser pa- 
rameters is implicit in the 2 11
1 ,( )R i vR iJ z γΓ =  and 
2 1, 1
1 ,( )L i cL iJ z γ
− −Γ = . A plot of )(tI R−  and  ( )LI t   versus 
time is shown in Fig.2 together with LRi IIdtdne −−=)/(  
(see below). The hole current, 
RI−  ,  starts out at a finite 
value, ReΓ2 , and decays exponentially according to the 
tunneling lifetime  1[2( )]
L R
−Γ + Γ  , building up negative 
charge on the bridge. Correspondingly, the electron current, 
LI , starting at zero, grows at the same rate, the tunnelling 
rate. In the steady-state regime the values of both currents 
coincide, )/(2 RLRLLR eII Γ+ΓΓΓ==−  - the rate of build- 
ing up negative charge on the bridge is equal to that of its 
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Figure 2 Currents ( )RI t− (1), ( )LI t (2) and ( ) ( )R LI t I t− − (3) 
versus time for Γ≡Γ=Γ LR and 1|| <<iz . 
leaving through CB. An observable quantity in pulsed ex-
periments is the charge transferred during an electromag-
netic pulse 
, ,
0
( )L R L RQ I t dt
∞
= ∫ [6]. We evaluate a necessary 
field strength ~106 V/cm, as applied to experimental ar-
rangement [6]. Using Eq.(10), Eq.(9) can be written as 
./// eIeIdtdn LRi −−=  At short time dtdni /  is positive 
(see Fig.2) - the charge density on the bride grows at a 
constant rate determined by  
RΓ . As electron current de-
velops, the rate of change of  
in   drops, until it stabilizes 
on zero at steady state, where the charge density on the 
bridge remains constant. For pulses short with respect to 
the tunneling time, however, steady state is never estab-
lished and 
in  maintains its time dependence throughout. 
Integrating Eq.(9) from  0t =   to  t = ∞  , we get, 
[ ( ) (0)]i i R Le n n Q Q∞ − = − − . The last equation expresses 
the charge conservation - the transferred charges value 
RQ−  and LQ  coincide only for  ( ) (0)i in n∞ = . This is 
achieved when the pulse is long with respect to the tunnel-
ing lifetime, 
1[2( )]p L Rt
−>> Γ +Γ  for 1|| <<iz  . It is readi-
ly seen that current in the SC-molecule-SC junction exists 
only in the presence of external EM field ( | | 0iz ≠ ) - in the 
absence of the laser pulse both 
RI  and  LI  vanish. Eqs. 
(12-13) illustrate also the possibility of generating unidi-
rectional current at times short with respect to
1
[2( )]L R
−Γ + Γ  .  
Consider steady-state current, the first term on the right-
hand side of Eq.(11), when parameter || iz   is not small. It 
can be expected for our model with broad CB and VB that 
due to symmetry, the corresponding spectral functions of 
the  r -th order for the same band are equal for the left and 
right contacts, i.e. rr ivL
rr
ivR
rr
icR
rr
icL ,,,,  and γγγγ ==  when |r|>1. 
For this case the steady-state current  acquires the form 
civi
icLivRivRivRicL
iRL zeJII Γ+Γ
Γ+−Γ
=−=
−−
,
11
,
11
,,
1,1
,2
1
)(
)(2
γγγ
       (14) 
Eq.(14) shows that the current is zero at zeros of the first-
order Bessel function )(1 izJ . As the matter of fact, we ob-
tain the effect of coherent destruction of induced tunneling 
(CDIT) that extends the certain effect of CDT related to 
zeros of )(0 izJ  [2,5]. The point is that the coupling of the 
molecular bridge with semiconductor leads  vkicV ,   should 
be substituted by the effective coupling [2] that in our case 
is equal to vkicieffvkic VzJV ,1, )()( m=  for the electron transfer 
rates  1,1,
−−
icLγ   and  
11
, ivRγ  , respectively (see Eq.(14)). The ef-
fective tunneling matrix element is suppressed when 
)(1 izJ m  is equal to zero. To build a plot of the steady-state 
current versus iz , one needs to know  iz  -dependence of 
parameters Γ  in Eq.(14) that implies knowing the r-
dependence of rrvKjc,γ  , Eq.(7). Using the density of states of 
a 3D semiconductor, one gets for |r|=2,3,4… 
   1||
2,2
,,,,
mm
jvKc
rr
jvKc r γγ −= . The value of 
1,1
,,
mm
jvKcγ  strongly 
depends on the applied voltage bias (tunnel effect) and 
may vary between eV42 1010 −− − .  
 
4 Conclusion We proposed a viable approach to co-
herent control of electric transport via molecular junctions 
and developed a theoretical framework to explore the 
method. Our approach makes use of SC electrodes and 
sub-bandgap frequencies to circumvent substrate-mediated 
processes and competing energy transfer events. It relies 
on a simple and general concept, namely the controllable 
photonic replication of molecular levels through the dipole 
driving the molecular bridge by an EM field. Importantly, our 
approach circumvents undesired substrate-mediated effects 
and energy transfer events. 
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